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ABSTRACT 

We  present  the  detection  of  an  enormous  disc  of  cool  neutral  hydrogen  (Hi)  gas 
surrounding  the  SO  galaxy  NGC  612,  which  hosts  one  of  the  nearest  powerful  ra¬ 
dio  sources  (PKS  0131-36).  Using  the  Australia  Telescope  Compact  Array,  we  detect 
Mhi  =  1.8  x  1O9M0  of  HI  emission-line  gas  that  is  distributed  in  a  140  kpc  wide 
disc-like  structure  along  the  optical  disc  and  dust-lane  of  NGC  612.  The  bulk  of 
the  gas  in  the  disc  appears  to  be  settled  in  regular  rotation  with  a  total  velocity 
range  of  850  km  s  ,  although  asymmetries  in  this  disc  indicate  that  perturbations 
are  being  exerted  on  part  of  the  gas,  possibly  by  a  number  of  nearby  companions. 
The  HI  disc  in  NGC  612  suggests  that  the  total  mass  enclosed  by  the  system  is 
Me nc  ~  2.9  x  1012  sin-2?'  M0,  implying  that  this  early-type  galaxy  contains  a  massive 
dark  matter  halo.  We  also  discuss  an  earlier  study  by  Holt  et  al.  that  revealed  the 
presence  of  a  prominent  young  stellar  population  at  various  locations  throughout  the 
disc  of  NGC  612,  indicating  that  this  is  a  rare  example  of  an  extended  radio  source 
that  is  hosted  by  a  galaxy  with  a  large-scale  star-forming  disc.  In  addition,  we  map 
a  faint  HI  bridge  along  a  distance  of  400  kpc  in  between  NGC  612  and  the  gas-riclr 
(Mhi  =  8.9  x  109M@)  barred  galaxy  NGC  619,  indicating  that  likely  an  interaction 
between  both  systems  occurred.  From  the  unusual  amounts  of  H I  gas  and  young  stars 
in  this  early-type  galaxy,  in  combination  with  the  detection  of  a  faint  optical  shell  and 
the  system’s  high  infra-red  luminosity,  we  argue  that  either  ongoing  or  past  galaxy 
interactions  or  a  major  merger  event  are  a  likely  mechanism  for  the  triggering  of  the 
radio  source  in  NGC  612.  This  paper  is  part  of  an  ongoing  study  to  map  the  large-scale 
neutral  hydrogen  properties  of  nearby  radio  galaxies  and  it  presents  the  first  example 
of  large-scale  H I  detected  around  a  powerful  Fanaroff  &  Riley  type-II  (FR-II)  radio 
galaxy.  The  HI  properties  of  the  FR-II  radio  galaxy  NGC  612  are  very  similar  to 
those  found  for  low-power  compact  radio  sources,  but  different  from  those  of  extended 
Fanaroff  &  Riley  type-I  (FR-l)  sources. 

Key  words:  galaxies:  individual:  NGC  612  -  galaxies:  active  -  galaxies:  evolution  - 
galaxies:  interactions  -  ISM:  kinematics  and  dynamics 


1  INTRODUCTION 

Early-type  galaxies  are  often  believed  to  be  gas  poor  sys¬ 
tems.  However,  recent  studies  show  that  the  majority  of 
nearby  field  early-type  galaxies  contain  modest  amounts  of 
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neutral  hydrogen  (Hi)  gas  dMorganti  et  alj|2006ft.  while  at 
least  6  —  15%  of  all  nearby  early-type  galaxies  even  contain 
HI  masses  similar  to  that  of  the  Milky  WajR  often  dis¬ 
tributed  in  large-scale  rotating  discs  and  rings  (I Sadler  et  all 

1  Mhi,  mw  =  5  x  109Mq  llHenderson  et  al1ll982lh 
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120021;  lOosterloo  et  al.l  120071).  Early-type  galaxies  in  clus¬ 
ters  appear  to  be  much  more  devoid  of  HI  gas,  as  sug¬ 
gested  by  a  recent _HI  survey  of  the  VIRGO  cluster  by 
Idi  Serego  Alighieri  et  al.1  (120071).  Nevertheless,  these  recent 
results  show  that  the  gaseous  component  can  be  an  impor¬ 
tant  factor  to  consider  in  the  hierarchical  picture  of  galaxy 
formation. 

Although  N-body  and  hydrodynamic  simulations  inves¬ 
tigate  in  detail  the  stellar  component  in  the  formation  of 
early-type  galaxies  (e.g.  |De  Lucia  et  al.l  120061) ,  the  fate  of 
the  gas  is  much  less  clear.  This  is  on  the  one  hand  re¬ 
lated  to  the  complicated  feedback  processes  (such  as  star 
formation  and  outflow  phenomena)  that  are  effective  on 
the  gas,  while  on  the  other  hand  the  processes  of  gas  ac¬ 
cretion  are  not  yet  well  understood.  The  last  factor  being 
subject  to  a  large  range  of  possible  accretion  mechanisms, 
from  the  merging  of  two  equal  mass  galaxies  (e.g.  iBarnesI 
l2002ll  or  a  more  gradual  infall  of  small  gas-rich  companions 
(e.g.  Ivan  der  Hulst  fe  Sancisil  1200511  to  perhaps  slow  accre¬ 
tion  through  the  cooling  of  primordial  hot  circum-galactic 
gas  (e.g.  iKeres  et  al.ll2005l). 

Radio  galaxies  form  an  interesting  sub-set  in  under¬ 
standing  the  gaseous  properties  of  early-type  galaxies,  be¬ 
cause  the  triggering  mechanism  of  radio  sources  is  related 
to  gas-dynamical  processes  that  can  remove  enough  angu¬ 
lar  momentum  from  the  gas  for  it  to  be  deposited  on  to  a 
super-massive  black  hole  in  the  centre  of  the  galaxy.  Vari¬ 
ous  possible  triggering  mechanisms  have  been  suggested,  of¬ 
ten  for  particular  types  of  radio  sources.  These  mechanisms 
range  from  cooling  flows  (e.g.  Fabian  1994)  to  galaxy  in¬ 
teractions,  dry  mergers  ((Colina  fc  de  Juanlll995li  and  major 
gas-rich  collisions  and  mergers  between  equal  mass  galax¬ 
ies  (e.g.  iHeckman  et  al.lll98B:  iBaum  et  al.lTl992ll.  The  last 
group  is  particularly  interesting  with  respect  to  investigat¬ 
ing  the  hierarchical  model  of  galaxy  evolution,  because  the 
typical  end-product  of  a  major  merger  between  two  gas-rich 
disc  galaxies  is  an  early-type  galaxy  (e.g.  iNaab  et  al.  1199911. 

A  significant  fraction  of  the  more  powerful,  edge- 
brightened  Fanaroff  &  Riley  type-II  (FR-II;  iFanaroff  fc  Rilevl 
ll974h  radio  galaxies  show  optical  peculiarities  reminis¬ 
cent  of  a  gas-rich  galaxy  collision  or  merger  (such 


tidal-tails,  -bridges,  -plumes,  etc.:  IHeckman  et  al.l  Il986l: 
ISmith  fc  Heckmanlll989l:  IBaum  et  al.  1 199211.  Detailed  stud¬ 
ies  of  extended  emission-line  regions  around  power¬ 
ful  radio  galaxies  reveal  that  mergers  or  interactions 
are  often  associated  with  their  early-type  host  galaxies 
(e.g.  Tadhunter  et  al.l  19891:  Koekemoer  fc  Bicknell  1 19981: 


llnskfp  et  al.ll2007l:lFu  fc  Stocktonll2008ll .  In  addition.  a  num¬ 
ber  of  FR-II  radio  galaxies  have  been  studied  in  great  de¬ 
tail  to  show  evidence  for  the  presence  of  an  intermediate 
age  stellar  population,  likely  the  result  of  a  merger-induced 
starburst  (e.g.  iTadhunter  et  al.l [20051:  iFu  fc  Stocktonll2008lh 
This  indicates  that  powerful  radio  galaxies  are  ideal  cases 
to  investigate  in  detail  these  active  phases  of  galaxy  evo¬ 
lution.  Furthermore,  feedback  from  Active  Galactic  Nuclei 
(AGN)  is  more  and  more  recognised  to  be  a  crucial  factor  in 
regulating  the  gas  distribution  and,  related,  the  star  forma¬ 
tion  properties  of  early-type  galaxies  (e.g  |Dj_Matteo  et  all 
120051:  ISpringel  et  alJ  120051:  iHopkins  et  all  l2005ll.  In~  recent 
studies,  we  find  that  the  feedback  effects  of  powerful  radio 
sources  on  the  inter-stellar  medium  (ISM)  result  in  some 
cases  in  significant  outflows  of  mostly  neutral  hydrogen  gas 


from  the  central  region  of  the  host  galaxy  (Morganti  et  al.l 
120031. 120051:  lEmonts  et  al.llioosl:  IMorganti  et  al.  2005lh  indi- 
cating  that  the  radio-loud  phase  may  have  a  direct  impact 
on  the  gaseous  properties,  and  hence  the  evolution,  of  the 
galaxy. 

The  early-type  galaxy  NGC  612  is  one  of  the  nearest 
systems  that  contain  a  powerful  radio  source  with  FR-II 
properties.  NGC  612  is  therefore  is  an  excellent  candidate  to 
investigate  in  detail  the  presence  and  possible  distribution 
of  gas  and  compare  this  to  the  origin  of  the  system  and 
triggering  of  the  radio  source.  In  this  paper  we  present 
results  of  a  study  of  the  neutral  hydrogen  (HI)  21cm-line 
gas  in  NGC  612  and  its  environment.  The  combined  spatial 
and  kinematical  information  obtained  with  radio  synthesis 
observations  of  the  H I  emission-line  gas  provides  an  efficient 
tool  to  study  both  the  gas  distribution  and  kinematics, 
as  well  as  to  trace,  date  and  classify  tidal  signatures  from 
galaxy  interactions  and  mergers  (tails,  bridges,  plumes, 
discs,  etc.).  We  compare  our  HI  results  with  a  stellar 
population  analysis  of  NGC  612  done  bvlHolt  et  al.l  (l2007h 
and  with  the  properties  of  the  radio  source.  We  also  com¬ 
pare  our  findings  with  interesting  results  that  we  recently 
obtained  on  the  HI  content  and  distribution  in  lower  power 
(compact  and  FR-I)  radio  galaxies  (Emonts  et  al.  1200711. 

NGC  612 

NGC  612  has  been  studied  in  detail  by 
IVeron-Cettv  fc  Veronl  d200llf  to  be  a  typical  SO  galaxy, 
which  is  located  at  a  =  0.  02970  Goss  et  ahl  (Il980ll  traced 


a  regularly  rotating  emission-line  disc  out  to  a  radius 
of  28  kpc  along  the  major  axisof_the_galaxj0,  although 
the  emission-lines  are  weak  (Westerlund  fc  Smithl  Il966l: 


iGoss  et  al.lll98d: ITadhunter  et  al.lll993ll.  NGC  612  also  has  : 
prominent  dust-lane  along  the  disc,  almost  perpendicular  to 
the  radio-axis  (e.g.  lEkers  et  al.lll978l:  Veron-Cettv  fc  Veronl 
l200lll.  After  initial  reports  bv  [Tadhunter  et  alJ  i  1993h 
about  peculiar  optical  spectral  features  (strong  and  narrow 
absorption  features  and  a  weak  4000-A  break)  and  by 
iRaimann  et  alJ  (l2005lf  about  the  presence  of  young  stellar 
populations  in  NGC  612,  recentlvlHolt  et  ahl  (12007 1  traced 
a  young  stellar  population  with  age  ~  0.04  —  0.1  Gyr 
throughout  the  stellar  disc  of  the  host  galaxy. 

The  large-scale,  two  sided  structure  of  the  radio  source 
PKS  0131-36  in  host  galaxy  NGC  612  became  apparent 
from  radio  observations  by  lEkers  et~aL  (|l978jl  and  was 
studied  at  higher  resolution  bv  IMorganti  et  al.l  1 1993lh  The 
eastern  radio  lobe  has  a  clear  FR-II  dFanaroff  fc  Rilevl 
Il974|j  morphology,  with  a  bright  hot-spot  near  its  outer 
edge,  while  the  western  lobe  is  somewhat  more  diffuse. 
iGopal-Krishna  fc  Wiital  (l2000h  classified  the  radio  source  as 
a  so  called  HYMORS  (HYbrid  MOrphology  Radio  Source), 
with  the  eastern  lobe  of  type  FR-II  and  the  western 
lobe  of  type  FR-I.  The  total  radio  power  is  TTsghz  ~ 
0.8  x  1025  W  Hz-1  (IMorganti  et  alJ  1199311  FI  which  is  at 
the  border  between  the  typical  power  of  FR-I  and  FR- 


2  For  Ho  =  71  km  s  1  Mpc  1  (used  throughout  this  paper);  this 
puts  NGC  612  at  a  distance  of  125  Mpc  and  1  arcsec  =  0.6  kpc 


3  Corrected  for  Ho  =  71  km  s  1  Mpc  1 

4  See  footnote  3 
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Large-scale  Hi  disc  around  NGC  612  3 


II  sources  (e.g.  Owen  fc  Laind  1 19891:  I  Owen  fe  White!  Il99ll: 
iLedlow  et  al  JI2OO2I).  No  bright  optical  AON  is  apparent  in 
NGC  612,  given  the  weak  optical  emission-lines  (jHolt  et  al.1 
120071:  iTadhunter  et  al.  19931)  and  the  low  percentage  of  po¬ 
larised  light  (Brindle  et  al.lll990l)  in  the  nuclear  region. 


2  OBSERVATIONS 

The  HI  observations  of  NGC  612  were  done  with  the  Aus¬ 
tralia  Telescope  Compact  Array  (ATCA)  for  2  x  12  hrs  on 
25/26/27  June  2003  using  the  750C  array-configuration  and 
for  2  x  12  hrs  on  10/11  Oct.  2005  using  the  EW214  array. 
Combining  these  two  configurations  gives  a  good  uv  cover¬ 
age,  with  baselines  ranging  from  31  to  750m  for  the  inner  five 
antennas  of  the  array.  The  sixth  ATCA  antenna,  located  at 
a  distance  of  about  5  km  from  the  inner  five  antennas,  was  in 
operation  only  during  the  750C  configuration.  We  used  this 
sixth  antenna  only  for  the  very  high  spatial  resolution  ab¬ 
sorption  study  described  below.  All  observations  were  done 
with  16  MHz  bandwidth,  512  channels  and  2  polarisations. 

For  the  data  reduction  and  visualisation  we  used  the 
MIRIAD  and  KARMA  software.  After  flagging  and  calibra¬ 
tion,  we  separated  the  continuum  from  the  line  data  in  each 
individual  data  set  by  fitting  either  a  first  or  a  second  order 
polynomial  to  the  line-free  channels.  In  order  to  trace  the 
structure  of  the  radio  source  in  detail,  the  continuum  data 
obtained  with  the  750C  array  (the  configuration  that  pro¬ 
vides  the  higher  spatial  resolution  of  the  two)  were  used  to 
create  the  uniform  weighted  continuum  image  shown  in  Fig. 
|T]  [beam  =  62.4  x  38.0  arcsec2;  position  angle  (PA)  0.9°]. 
The  combined  line-data  of  all  the  four  runs  were  used  to 
construct  a  data-cube  with  robust  weighting  +1  fseelBriggsl 
1 19951).  beam  of  154.25  x  89.59  arcsec2  (PA  -1.3°),  veloc¬ 
ity  resolution  of  27.6  km  s-1  (after  binning  two  consecutive 
channels  and  subsequently  Hanning  smoothing  the  data) 
and  noise  level  of  0.64  mjy  beam-1.  From  this  data  set  a 
mask  was  created  by  smoothing  the  data  spatially  by  a  fac¬ 
tor  1.7,  applying  another  Hanning  smooth  in  velocity,  and 
subsequently  masking  out  all  the  signal  below  3a.  This  mask 
was  used  to  extract  a  total  intensity  image  of  the  data  by 
adding  the  signal  above  2.5<r  in  the  regions  that  were  not 
masked  out  (Fig.  [5]). 

Finally,  a  continuum-  and  a  line-data  set  with  the  high¬ 
est  possible  resolution  were  constructed  from  the  750C  array 
data  including  the  sixth  ATCA  antenna.  As  described  in  de¬ 
tail  in  Sectionr3.4l  these  data  sets  are  not  useful  for  accurate 
emission-line  or  continuum  studies  (because  of  the  gaps  in 
uv  coverage),  but  they  are  used  for  a  detailed  HI  absorption 
analysis.  Using  uniform  weighting,  the  beam-size  of  these 
high  resolution  data  sets  is  7.8  x  4.6  arcsec2  (PA  -1.3°),  with 
a  velocity  resolution  of  13.8  km  s-1  for  the  line-data. 


2.1  VLT  acquisition  image 

A  short-exposure  VLT  (Very  Large  Telescope)  acquisition 
image  was  taken  with  the  FORS2  (FOcal  Reducer  and  low 
dispersion  Spectrograph  2)  instrument  at  ESO-VLT-U4  on 
Sept.  25th  2003,  using  the  R-SPECIAL  filter.  The  integra¬ 
tion  time  was  10  seconds  and  observations  were  done  at  an 
airmass  of  1.1.  The  image  consists  of  two  simultaneous  ex¬ 
posures  at  two  separate  chips,  with  a  small  overlap  region 


Right  Ascension  (J2000) 

Figure  1.  Radio  continuum  map  (contours)  —  constructed  from 
the  750C  array  data  —  overlaid  on  to  an  optical  SDSS  image  of 
NGC  612  (grey-scale).  Contour  levels  range  from  41  to  468  in 
steps  of  47  mjy  beam-1. 


to  mosaic  them.  We  did  a  bias  subtraction  and  flat-fielding 
on  each  exposure  before  combing  them.  We  then  rotated  the 
image  to  the  north-up  position  shown  in  Fig.  [7] 


3  RESULTS 

3.1  Radio  Continuum 

Figure  |T|  shows  the  continuum  map  of  the  radio  source 
PKS  0131-36  in  NGC  612.  The  map  clearly  shows  the  typ¬ 
ical  FR-II  morphology  of  the  eastern  lobe  (ending  in  a  hot¬ 
spot),  while  the  western  lobe  appears  to  be  more  diffuse. 
The  western  lobe  shows  a  slight  bend,  and  also  the  east¬ 
ern  lobe  looks  somewhat  distorted,  suggesting  that  the  radio 
source  changed  its  direction  over  its  lifetime.  The  total  radio 
power  that  we  derive  for  this  source  is  Pi.4GHz  ~  1.5  x  1025 
W  Hz-1.  Although  we  note  that  our  spectral-line  observa¬ 
tions  are  not  ideal  for  constructing  a  continuum  image,  these 
result  are  nevertheless  in  agreement  with  the  4.8  GHz  obser¬ 
vations  bvlMorganti  et  ahl  (Il993l.  see  also  Section  [lj,  when 
taking  into  account  the  spectral  index  of  the  radio  source 
(see  IWall  fc  Peacock!  1 1985) . 


3.2  H  I  emission 

Figure [2]  (middle)  shows  a  total  intensity  map  of  the  HI  gas 
detected  in  emission  in  NGC  612.  The  total  mass  of  this  HI 
gas  is  1.8  x  1O9M0Q  In  the  central  region,  H I  is  detected  in 
absorption  against  the  radio  continuum  (Fig. [2]-  left),  hence 
the  total  HI  mass  in  NGC  612  is  somewhat  larger.  Most 
of  the  HI  gas  in  NGC  612  is  located  approximately  along 
the  direction  of  the  optical  disc  and  dust-lane  and  has  an 
average  surface  density  at  the  location  of  the  host  galaxy  of 
about  3.1  Mg  pc-2.  As  illustrated  in  Figs.  [2]  (right)  and[3j 
the  HI  gas  along  the  optical  disc  of  NGC  612  appears  to 
form  a  rotating  structure  (seen  edge-on)  with  a  total  extent 
of  about  140  kpc.  This  H I  structure  covers  a  velocity  range 
of  850  km  s-1,  centred  on«  =  8900  km  s-1.  This  is  in  good 
agreement  with  the  central  velocity  of  the  H I  absorption, 
which  occurs  at  v  =  8925  km  s-1  (see  also  Fig.  ©  and  which, 


5  All  the  H I  mass  estimates  given  in  this  paper  have  been  cor¬ 
rected  for  the  primary  beam  of  the  telescope. 
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Figure  2.  Middle:  total  intensity  map  of  the  HI  gas  in  NGC  612  (contours)  overlaid  on  to  an  optical  SDSS  image  (grey-scale).  Contour 
levels  HI:  0.8,  1.1,  1.5,  1.9,  2.8,  4.0,  5.1,  6.5,  7.8  xlO19  cm"  1 .  Left:  HI  absorption  profile  against  the  central  part  of  the  radio  galaxy. 
Right:  position-velocity  plot  of  the  HI  along  the  disc  of  the  host  galaxy  (PA  171°,  as  indicated  by  the  broken  line  in  the  middle  image). 
The  dotted  line  presents  the  position- velocity  curve  derived  from  optical  emission  lines  bvlOoss  et  al.l  lll980*)  measured  along  a  slightly 
different  PA  (168°).  Contour  levels  HI:  -4.3,  -3.6,  -2.9,  -2.2,  -1.5  (grey);  1.5,  2.2,  2.9,  3.6,  4.3  (black)  mjy  beam-1. 


we  assume,  indicates  the  systemic  velocity  of  the  system. 
The  resolution  of  our  observations  is  too  low  to  determine 
the  detailed  morphology  and  kinematics  of  the  HI  gas  and 
hence  also  whether  or  not  the  bulk  of  the  H I  is  fully  settled  in 
regular  rotation.  Its  kinematics  nevertheless  appear  similar 
to  that  of  the  optical  emission-line  gas  in  this  system,  which 
has  been  observed  by  iGoss  et  alj  ( 1980l)  to  follow  regular 
rotation  along  the  direction  of  the  dust-lane  out  to  about 
28  kpc  from  the  centre,  covering  a  velocity  range  of  680 
km  s^1  (centred  ont)  =  8900  ±  50  km  s_1). 

Despite  the  apparent  regular  rotation,  there  is  clearly 
some  degree  of  asymmetry  visible  in  the  disc  (the  clearest 
asymmetries  are  visible  in  frames  2/3  and  11  of  Fig.  El  i.e. 
at  v  =  8501/8528  and  9195  km  s-1).  Because  of  the  lim¬ 
ited  spatial  resolution  of  our  observations  we  cannot  study 
these  asymmetries  in  detail.  Possibly,  a  warp  in  the  disc 
of  NGC  612  could  be  responsible  for  bending  the  disc  at 
v  =  8501/8528  km  s^1.  Alternatively,  the  asymmetries  may 
be  tail-like  features  that  stretch  toward  three  small  galaxies, 
whose  redsliifts  are  unknown.  These  galaxies  are  located  37 
and  66  kpc  north-east  and  76  kpc  south  of  NGC  612  spa¬ 
tially  and  are  indicated  with  an  arrow  in  the  last  plot  of 
Fig- El  Figure  [7]  shows  these  nearby  galaxies  in  more  detail. 
If  these  galaxies  are  true  companions  of  NGC  612,  the  tail¬ 
like  H I  features  could  indicate  that  interactions  are  ongoing 
between  them  and  the  disc  of  NGC  612. 


3.3  H  I  environment 

Figure  El  shows  the  total  intensity  H I  map  of  the  larger 
environment  of  NGC  612  at  lower  resolution  (see  below). 
The  galaxy  NGC  619  is  located  at  a  projected  distance  of 
400  kpc  east  of  NGC  612.  The  ‘8-shaped’  optical  appear¬ 
ance  of  NGC  619  is  typical  for  galaxies  with  a  prominent 
bar  (e.g.  lAthanassoula  fe  Bureaul  19991).  NGC  619  contains 
8.9  x  Iff  Mq  of  H I.  Most  of  this  H I  gas  is  located  at  the  posi¬ 
tion  of  the  host  galaxy.  A  prominent  tail  of  H I  gas  stretches 
219  kpc  toward  the  south-west.  This  HI  tail  has  no  identi¬ 


fiable  counterpart  in  the  optical  Sloan  Digital  Sky  Survey 
(SDSS)  image  shown  in  Fig.  El 


When  inspecting  the  data  cube  in  the  xz  [right  ascen¬ 
sion  (R.A.)  -  velocity]  plane,  we  find  clear  evidence  for  ad¬ 
ditional,  but  very  faint,  HI  emission-line  gas  in  the  region 
between  NGC  612  and  NGC  619.  This  gets  clear  from  Fig.  El 
Here  we  show  consecutive  maps,  plotted  in  velocity  against 
R.A.,  with  the  integrated  signal  across  44.7  arcsec  (or  26.8 
kpc)  in  declination  (to  clarify  the  faint  emission,  the  full- 
resolution  data  were  smoothed  in  the  image-domain  by  10% 
in  the  spatial  directions).  Given  the  large  beam-size  of  the 
observations,  the  consecutive  plots  in  Fig.  |4]  are  not  entirely 
independent.  Nevertheless,  there  are  a  few  interesting  fea¬ 
tures  that  emerge  in  Fig.  El  The  emission  in  regions  1  and 
2  is  directly  related  to  NGC  612  and  NGC  619.  The  HI  tail 
south-west  of  NGC  619  is  clearly  visible  in  the  third  and 
fourth  frame  (arrow).  This  tail  connects  to  a  faint  stream  of 
HI  in  the  direction  of  NGC  612  (feature  ‘3’,  as  indicated  in 
the  eighth  frame).  The  faint  HI  stream  -  most  likely  some 
sort  of  bridge  between  both  systems  -  appears  to  end  at  the 
central  region  as  well  as  the  systemic  velocity  of  NGC  612. 
Because  this  H I  bridge  is  detected  only  at  about  the  3<r  level 
and  the  feature  is  extended  in  x  and  y,  but  not  much  in  z, 
this  feature  is  not  immediately  apparent  in  the  xy  planes  of 
the  data-cube  or  in  a  total  intensity  image  of  the  full  res¬ 
olution  data.  In  order  to  give  an  indication  of  the  spatial 
distribution  of  the  HI  bridge,  we  smoothed  our  data  spa¬ 
tially  to  a  resolution  of  218.1  x  178.4  arcsec2  and  we  applied 
an  additional  Hanning  smooth  in  velocity.  Figure  E]  shows  a 
total  intensity  map  made  from  this  smoothed  data  by  sum¬ 
ming  all  the  signal  above  3<r  only  in  the  velocity  range  of  the 
emission  features.  The  HI  tail  south-west  of  NGC  619  and 
the  connecting  faint  stream  or  bridge  of  H I  in  the  direction 
of  NGC  612  (feature  ‘3’)  are  clearly  visible  in  this  image. 
We  note,  however,  that  additional  observations  are  required 
to  accurately  map  the  HI  bridge  spatially. 
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Figure  3.  Channel  maps  of  the  HI  emission  in  NGC  612.  Contour  levels  are  at  the  3,  4,  5  and  6cr  level,  corresponding  to  -2.5,  -1.9 
(grey):  1.9,  2.5,  3.2,  3.8  (black)  mjy  beam'  1 .  The  three  possible  small  companions  are  indicated  with  an  arrow  in  the  last  frame  (see 
also  Fig.  [TJ) . 


3.4  H  I  absorption 

HI  is  detected  in  absorption  at  the  location  of  the  host 
galaxy.  Figure  [2]  (left)  shows  the  absorption  profile  from  the 
data  cube  that  we  used  for  the  H I  emission  study  (with  ro¬ 
bust  weighting  +1).  In  this  data-cube,  the  absorption  profile 
is  diluted  by  HI  emission.  In  order  to  study  the  absorption 
in  more  detail,  we  made  a  high  resolution  data  cube  using 
the  750C  data  plus  the  sixth  ATCA  antenna  (see  Section 
0.  The  result  is  shown  in  Fig.  0  The  high  resolution  ra¬ 
dio  continuum  map  including  the  sixth  antenna  misses  data 
from  baselines  between  750m  and  about  4km,  which  results 
in  a  large  gap  in  uv-coverage.  Because  there  is  no  informa¬ 
tion  about  the  structure  of  the  radio  source  at  the  spatial 
scales  that  correspond  to  the  gap  in  uv-coverage,  much  of 
the  extended  continuum  emission  is  resolved  out  in  the  re¬ 
sulting  liigh-resolution  continuum  image.  However,  the  long 
baselines  of  the  sixth  antenna  allow  us  to  trace  the  nucleus 


as  an  unresolved  point-source,  which  is  not  detected  in  the 
lower  resolution  continuum  image  in  Fig.0  By  constructing 
also  a  uniform  weighted  data  cube  (in  which  the  large-scale 
HI  emission  is  resolved  out),  we  are  able  to  recover  the  to¬ 
tal  flux  of  the  H I  absorption  feature  detected  in  the  robust 
weighted  data  (as  measured  from  the  peak  of  the  emission 
in  Fig.  0  against  the  very  core  of  the  radio  source  (Fig.  0- 
bottom).  The  radio  continuum  outside  the  core  in  Fig.  [6]  is 
too  weak  to  detect  absorption  of  H I  gas  with  similar  column 
densities. 

The  absorption  has  an  optical  depth  of  r  ~  28%  and 
full  width  at  half-maximum  (FWHM)  ~  100  km  s-1,  which 
corresponds  to  a  column  density  of  A'hi  ~  5.1  x  1021  cm-2 
(for  TSpin  =  100  K).  This  column  density  is  significantly 
larger  than  that  derived  from  the  lower  resolution  emission¬ 
line  data  (Fig.  0.  However,  the  HI  absorption  traces  gas 
in  our  line-of-sight  roughly  through  the  mid-plane  of  the 
edge-on  disc,  whose  scale-height  is  much  smaller  than  the 
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Figure  4.  Consecutive  maps  (plotted  in  velocity  versus  R.A.)  of  the  data  cube.  Every  channel  contains  the  integrated  signal  across  44.7 
arcsec  (or  26.8  kpc)  in  Dec.  Contour  levels  are  at  the  2,  3,  4  and  6a  level  (black  for  emission,  grey  for  absorption).  The  features  1,  2  and 
3,  as  well  as  the  arrow,  are  discussed  in  the  text  and  are  also  presented  in  the  total  intensity  image  of  Fig.  [5] 


large  beam-size  of  the  emission-line  study.  Beam-smearing 
effects  could  therefore  severely  underestimate  the  true  col¬ 
umn  densities  of  the  HI  disc  in  the  emission-line  analysis 
(locally,  this  effect  could  even  be  enhanced  if  the  H I  gas  in 
the  disc  is  clumpy).  Alternatively,  a  substantial  part  of  the 
absorbing  gas  may  be  located  very  close  to  the  nucleus  (e.g. 
in  a  nuclear  disc  or  torus). 

Against  the  eastern  radio  hot-spot,  no  HI  has  been  detected 
in  absorption  down  to  a  5cr  level  of  r  ~  0.6%  (for  the  robust 
+  1  data).  This  corresponds  to  an  upper  limit  in  HI  column 
density  of  (Vm  <  1  x  1020  cm”2  (for  FWHM  =  100  km  s”1 
and  Tspin  =  100K)  that  lies  in  our  line  of  sight  to  the  radio 
hot-spot. 


3.5  Optical  shells 

Figure [T] shows  the  VLT  acquisition  image  (Section  12. Ill  of 
the  environment  of  NGC  612.  Although  a  high  quality  im¬ 
age  of  NGC  612  itself  with  a  limited  field-of-view  has  already 
been  analysed  bv  IVeron-Cettv  fe  Veroril  (|200ll).  this  acqui¬ 
sition  image  is  the  best  available  image  for  studying  the  op¬ 
tical  structure  of  NGC  612  at  the  location  of  the  outer  disc 
and  for  identifying  small  galaxies  surrounding  NGC  612. 

As  mentioned  in  Section  13.21  part  of  the  H I  emission  in 
the  disc  of  NGC  612  seems  to  extend  in  the  direction  of  three 
nearby  small  galaxies.  These  three  galaxies  are  clearly  visible 
in  Fig.  □  -  left  (indicated  with  an  arrow,  as  in  Fig.  [3j  •  A 
redshift  determination  of  these  galaxies  is  necessary  to  verify 
whether  these  systems  are  true  companions  of  NGC  612  or 
background  objects.  In  addition,  many  other  galaxies  are 
visible  in  the  VLT  acquisition  image. 
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Figure  5.  Total  intensity  map  of  HI  emission  from  the  low-resolution  smoothed  data  cube  (contours)  overlaid  on  to  an  optical  SDSS 
image  (grey  scale).  Contour  levels:  0.2,  0.4,  0.7,  1.1,  1.7,  2.3,  3.4,  4.5,  5.7  xlO19  cm  A  The  arrow  indicates  the  prominent  HI  tail,  which 
is  the  same  feature  marked  by  the  arrow  in  Fig.  [4] 


0 


Ra:  01h  33"  57.70”  (J2000) 


Figure  6.  Top:  High-resolution  continuum  image  of  PKS  0131- 
36  (NGC  612)  including  the  sixth  ATCA  antenna.  Contour  levels: 
from  3.4  —  63  in  steps  of  8.5  mjy  beam- 1 .  Bottom:  H I  absorption 
profile  detected  against  the  unresolved  radio  core.  For  compari¬ 
son,  the  red  arrow  indicates  the  systemic  velocity  derived  from 
optical  emission  lines  by  I  Goss  et  al.l  (i  1 98(1) . 


Figure|7]  (right)  shows  NGC  612  in  high  contrast.  A  very 
faint  shell- like  structure  is  visible  in  this  plot.  The  apparent 
optical  shell  is  visible  across  the  northern  part  of  NGC  612, 
just  west  of  one  of  the  three  small  nearby  galaxies  toward 
which  part  of  the  HI  structure  appears  to  extend.  A  possi¬ 
ble  very  faint  optical  extension  may  also  be  present  in  the 
southern  part  of  NGC  612,  although  this  needs  to  be  veri¬ 
fied.  Since  the  integration  time  of  our  acquisition  image  is 
only  10  seconds,  deep  optical  imaging  should  reveal  these 
faint  optical  structures  in  much  more  detail. 


4  DISCUSSION 

We  detect  large-scale  HI  in  the  nearby  radio  galaxy 
NGC  612.  The  fact  that  NGC  612  harbours  a  powerful  ra¬ 
dio  source  with  a  clear  hot-spot  in  one  of  the  jet/lobe  struc¬ 
tures  makes  it  one  of  the  few  powerful  FR-II  radio  galaxies 

-  given  their  low  volume  density  in  the  nearby  Universe 

-  for  which  accurate  mapping  of  the  HI  emission-line  gas 
can  be  done  with  the  sensitivity  of  current-day  radio  tele¬ 
scopes.  However,  in  the  remainder  of  the  discussion  we  would 
like  the  reader  to  keep  in  mind  that,  rather  than  being  the 
nearby  counterpart  of  powerful  high- a  FR-II  radio  galaxies 
and  quasars,  the  radio  source  properties  of  NGC  612  resem¬ 
ble  more  closely  those  found  in  the  transition  region  between 
FR-I  and  FR-II  sources  (see  Section  |TJ. 


4.1  Star- forming  HI  disc 

NGC  612  contains  a  large-scale,  edge-on  HI  disc,  which  ap¬ 
pears  to  follow  the  optical  disc  and  dust  lane,  but  is  ob¬ 
served  out  to  a  larger  radius  than  the  optical  emission¬ 
line  disc.  The  bulk  of  the  HI  gas  in  the  disc  appears  to 
be  settled  in  regular  rotation,  although  asymmetries  in 
the  H I  distribution  -  likely  the  result  of  either  a  warp 
or  tidal  interactions  with  small  companion  galaxies  -  in¬ 
dicate  that  perturbations  are  being  exerted  on  part  of  the 
gas  in  the  disc.  I  Goss  et  al.l  dl980l)  estimate  that  the  opti¬ 
cal  B-band  luminosity  of  NGC  612  is  Lb  =  2.0  x  1011!/©, 
which  means  that  Mm/ Lb  =  0.009  for  this  system  (please 
note  that  this  estimate  does  not  take  into  account  the  HI 
gas  detected  in  absorption  against  the  central  radio  contin¬ 
uum,  hence  the  true  value  of  Mm/ Lb  could  be  somewhat 
larger).  From  a  literature  study  on  a  heterogeneous  sample, 
IWardle  fe  Knapt^  (1 19861)  derive  that  about  24%  of  nearby 
SO  galaxies  have  been  detected  in  HI.  The  Mm/ Lb  that  we 
derive  for  NGC  612  is  within  the  broad  range,  albeit  at  the 
low  end,  of  the  distribution  for  these  HI  detected  SO  galax¬ 
ies  from  the  literature.  The  broad  distribution  of  Mm! Lb 
values  in  SO  galaxies  has  ledlWardle  fc  Knappl  (il986l)  to  con- 
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Figure  7.  Left:  Contours  of  HI  emission  overlaid  on  to  the  optical  VLT  acquisition  image  (Section  12. U  of  NGC  612  and  its  direct 
environment.  Contour  levels:  0.8,  1.1,  1.9,  4.0,  6.1,  7.8  xlO19  cm-2.  Right:  high-contrast  plot  of  the  VLT  acquisition  image  of  NGC  612. 
The  diagonal  line  across  the  image  is  the  overlap  region  of  the  two  chips  (see  Section |2. Ill 


elude  that  much  of  the  cold  gas  in  SOs,  like  in  ellipticals,  has 
an  origin  completely  external  to  the  galaxy. 

The  average  surface  density  of  the  HI  disc  in  NGC  612 
at  the  location  of  the  optical  host  galaxy  (3.1  Mq  pc-2)  is 
close  to  the  critical  gas  surface  density  for  star  formation  in 
galaxy  discs  (Ivan  der  Hulst  et  al.ll  1993;  iMartin  fc  Kennicuttl 
l200ll).  As  a  result,  star  formation  is  likely  to  happen  across 
the  disc,  or  at  least  at  discrete  locations,  where  the  H I  sur¬ 
face  density  is  locally  higher  than  the  average  value  derived 
from  our  HI  observations.  This  is  in  agreement  with  the 
presence  of  a  prominent  young  stellar  population  that  has 
been  traced  throughout  the  stellar  disk  bvlHolt  et  alj  (l2007ll 
out  to  a  radius  of  at  least  15  kpc. 


4.1.1  Dark  matter  halo 


Assuming  the  H I  gas  in  the  disk  of  NGC  612  follows  regular 
rotation  and  the  underlying  dark-matter  halo  has  a  spheri¬ 
cal  distribution,  we  can  make  an  estimate  of  the  total  mass 
enclosed  by  the  system: 


Me  nc  = 


Rout  *?out 


(1) 


with  Rout  the  outer  radius  of  the  rotating  disc,  nout  the  ob¬ 
served  velocity  of  the  disc  at  this  distance,  i  the  inclination 
of  the  disk  and  G  =  6.673  x  10-11  m3  kg-1  s-2  the  gravi¬ 
tational  constant.  Assuming  Rout  =  70  kpc  and  uout  =  425 
km  s-1  for  NGC  612,  Menc  =  2.9  x  1012  sin-2*  M0  (with 
*  close  to  90°).  This  is  more  than  twice  the  value  esti¬ 
mated  by  I  Goss  et~alj  rtl98Q~l  from  the  optical  emission-line 
disc  (which  is  much  less  extended  than  the  HI  disc  and 
shows  a  slightly  lower  rotational  velocity).  Our  estimate  is 


most  likely  an  upper  limit,  because  a  more  flattened  distri¬ 
bution  of  the  underlying  dark-matter  halo  would  decrease 
Menc-  Moreover,  as  we  mentioned  before,  due  to  the  limited 
resolution  of  our  observations  it  is  not  exactly  clear  how 
settled  the  gas  is  in  regular  rotation,  in  particular  in  the 
outer  parts  of  the  disc.  Nevertheless,  given  that  NGC  612 
has  a  luminosity  of  Lb  =  2.0  x  10nZ/Q  (iGoss  et  al.lll980l). 
we  estimate  that  Menc/Ts  ^  14.5,  which  indicates  that 
NGC  612  is  likely  embedded  in  a  massive  dark-matter  halo. 
Whether  or  not  early-type  galaxies  in  general  contain  signif- 
icant  amounts  of  dark  matter  is  still  under  debate  (see  e.g. 
iRomanowskv  et  all  120031:  iHumphrev  et  al.l  1200611 ,  but  our 
derived  value  of  Menc/ffl  for  NGC  612  is  in  good  agree¬ 
ment  with  Menc/Ts  for  various  early-type  galaxies  that 
also  contain  a  large-scale  rotating  H I  structure  (see  e.g. 


Bertola  et  al.lll993l:  iFranx  et  al.lfl994:  iMorganti  et  al  .111  9971: 
Weiimans  et  al .  EoosT  and  other  references  therein). 


4-1.2  Infra-  red  properti  es 


NGC  612  also  has  a  relatively  high  infra-red  (IR)  lumi- 
nosity;  from  the  IRAS  flux  measurements  at  12  -  100  pm 
dKnapp  et  al.lll989h  and  following  I  Sanders  fe  Mirabell  (Il996fl 
we  estimate  that  the  total  infra-red  luminosity  of  NGC  612 
Tir(8  —  1000/rm)  =  4.3  x  lOnL0,  which  is  in  the  regime 
of  Luminous  Infra-Red  Galaxies  (LIRGs).  In  Fig.  [8]  we 
compare  the  relative  60/rm  IRAS  luminosity  of  NGC  612 
with  that  of  nearby  early- type  galaxies  from  a  large  sample 
studied  by  Knapp  et  al.  (1198911.  We  derive  the  60/rm  lumi¬ 
nosity  assuming  Leoiim  =  iituS^D2 /L0,  corresponding  to 
Lea^m  ~  4  x  1O1OL0  for  NGC  612.  Because  our  derived  val¬ 
ues  for  Leo/im  and  M b  do  not  take  into  account  K-correction, 
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Figure  8.  60/im  IRAS  luminosity  of  NGC  612  compared  with  that  of  a  sample  of  nearby  early-type  galaxies  jKnapp  et  al.|[l989l). 
The  early-type  galaxies  are  divided  into  SO  (and  SOa)  galaxies,  transition  objects  (E/SO),  ellipticals  (E),  and  irregular/morphologically 
undefined  galaxies  (Irr+?),  which  are  represented  by  the  different  symbols  (as  indicated  in  the  plot).  Lq o^m  (normalised  to  the  value  of 
NGC  612)  and  Mg  are  derived  from  Seo^m,  v  and  mg  as  given  by  Knapp  et  al.  (assuming  the  redshift- velocity  v  gives  a  good  indication 
of  the  distance  to  the  galaxies).  In  case  of  a  non-detection  at  60/ mi.  a  3<r  upper  limit  is  plotted  (arrows).  Galaxies  for  which  mg  or  v 
was  not  given  by  Knapp  et  al.,  or  which  have  a  negative  redshift  velocity,  were  not  taken  into  account. 


reddening  effects  or  true  distance  determination  (which  may 
affect  in  particular  some  of  the  nearest  galaxies,  whose  red¬ 
shift  velocity  may  be  dominated  by  gravitational  motions 
due  to  surrounding  galaxies),  the  values  of  Leo^m  and  Mg 
should  be  taken  with  caution.  Nevertheless,  the  point  that 
we  want  to  make  is  that  the  60/rm  luminosity  of  NGC  612 
is  relatively  high  compared  with  that  of  genuine  early-type 
galaxies  (E  and  SO)  up  to  distances  comparable  to  that  of 
NGC  612. 

It  is,  however,  known  that  radio-loud  early-type  galax¬ 
ies  on  average  contain  a  significantly  larger  60/rm  lumi- 
nosity  than  their  radio-quiet  counterparts  (  Golombek  et  al] 
Il98gl: [Knapp  et  ahlll990l).  In  fact,  when  comparing  NGC  612 
with  powerful  radio  galaxies  in  the  nearby  Universe 
([Golombek  et  al]  Il988l).  a  significant  fraction  of  radio- 
loud  objects  have  a  60/rm  luminosity  comparable  or  larger 
than  that  of  NGC  612  (and  similar  to  that  of  spirals; 
Ide  Jong  et  alJ  Il984l).  Although  this  fraction  is  somewhat 
smaller  for  radio  galaxies  with  weak  emission  lines  (like 
NGC  612),  the  emission-line  region  in  NGC  612  is  extended, 
which  is  an  indication  for  the  presence  of  an  appreciable 
ISM  that  contributes  to  the  IR  luminosity  (iGolombek  et  al] 
1 19881).  It  therefore  seems  that  the  IR  luminosity  of  NGC  612 
is  strong  compared  to  early-type  galaxies  in  general,  but 
not  uncommon  for  powerful  radio  galaxies.  [Golombek  et  all 
(1 1988T)  propose  that  galaxy-galaxy  interactions  can  cause  the 
strong  IR  emission  and  simultaneously  trigger  the  activity 
in  powerful  radio  galaxies. 

Although  a  substantial  part  of  the  60/rm  emission  in 
active  galaxies  often  comes  from  a  dust-enshrouded  AGN, 


the  lack  of  a  powerful  optical  AGN  in  NGC  612  (see  Sec- 
tion  [Hi,  combined  with  its  relatively  cool  mid-IR  colour 
dKnapp  et  al.l[l989l).  implies  that  most  of  the  60/rm  emis¬ 
sion  in  this  system  is  the  result  of  dust-heating  by  stars. 
Additional  evidence  for  this  comes  from  the  fact  that 
NGC  612  clearly  lies  above  the  correlation  between  the  70/rm 
IR  luminosity  and  the  [OIII]A5007  emission- line  flux  due 
to  AGN  heating  in  powerful  radio  galaxies  presented  by 
iTadhunter  et  all  (120071).  It  is  interesting  to  note,  however, 
that  the  infra-red  colours  of  NGC  612  (with  log(  Amo  h  ) 

=  -0.48  and  log(^[*g  mnm))  =  0-20;  [Knapp  et  al.||l989i)  sug¬ 
gest  that  its  IR  flux  does  not  originate  entirely  from  actively 
star  forming  regions  associated  with  the  young  stellar  popu¬ 
lation  in  NGC  612  (as  is  often  the  case  for  IR-luminous  star- 
burst  galaxies) ,  but  that  an  appreciable  fraction  likely  comes 
from  cirrus  irradiated  by  the  galaxy’s  total  stellar  popula¬ 
tion  (see  iHeloull  198(1  note  that  the  IR  colours  of  NGC  612 
are  similar  to  e.g.  those  of  M81).  Detailed  IR  spectroscopy 
is  required  for  a  more  quantitative  analysis  of  the  nature  of 
the  IR  emission  in  NGC  612. 


4.2  NGC  612,  a  special  radio  galaxy? 

The  presence  of  an  extended  H I  and  optical  emission-line 
disc,  a  young  stellar  population  at  various  locations  in 
this  disc,  a  massive  dark  matter  halo  and  a  high  60/rm 
IR  luminosity  suggest  that  NGC  612  -  despite  the  fact 
that  the  host  galaxy  has  a  regular  SO  optical  morphology 
dVeron-Cettv  fe  Veronl  I200II)  -  may  be  considered  a  star- 
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forming  disc  galaxy  (be  it  with  a  relatively  large  bulge), 
although  it  is  not  clear  to  how  far  out  in  the  low  surface 
brightness  H I  disc  star  formation  occurs.  If  dust  extinction 
is  important  in  the  relatively  large  column  of  cold  gas  along 
our  line-of-sight  to  the  edge-on  HI  disc,  it  is  possible  that 
a  faint  optical  stellar  counterpart  in  the  outer  parts  of  this 
disc  may  become  visible  only  in  deep  optical  imaging  across 
a  large  enough  held  of  view. 

The  occurrence  of  an  extended  radio  source  in 
a  host  galaxy  with  regular  optical  morphology  and  a 
galaxy-scale  star-forming  disc  is  a  rare  phenomenon. 
IVeron-Cettv  fe  Veronl  (1200111  argue  that  almost  all  classi¬ 
cal  double  radio  sources  in  the  nearby  Universe  (FR-Is  and 
FR-IIs)  are  associated  with  elliptical  galaxies,  that  the  more 
disky  SO  hosts  are  often  misidentihed  ellipticals  and  that 
NGC  612  is  therefore  clearly  an  exception  to  the  rule.  This 
view  is  shared  bvlLedlow  et  al.1  (l200lll  an  dlKeel  et  al.l  (|2006ll. 
who  studied  in  detail  another  exceptional  case,  namely  the 
spiral  host  galaxy  of  the  extended  FR-I  radio  source  0313- 
192.  Another  spiral  host  galaxy  with  an  HI  disc  and  a  radio 
source  that  reaches  outside  the  optical  body  of  the  galaxy  is 
B2  0722+30  dCapetti  et  al.l [200(3:  lEmonts  et  ai1l2007l).  but 
its  FR-I  radio  source  is  relatively  weak  and  small  compared 
with  NGC  612  and  0313-192  and  we  will  present  a  detailed 
analysis  of  this  galaxy  in  a  forthcoming  paper. 

Although  the  radio  source  in  NGC  612  (with  its  clear 
FR-II  morphology  of  the  eastern  lobe)  is  an  order  of  mag¬ 
nitude  more  powerful  than  the  edge-darkened  FR-I  radio 
source  in  the  spiral  galaxy  0313-192  dLedlow  et  al.1  l200ll: 
iKeel  et  al.1 120060.  both  radio  galaxies  share  some  striking 
similarities:  NGC  612  and  0313-192  both  contain  a  rela¬ 
tively  luminous  bulge  compared  with  typical  spiral  galax¬ 
ies,  which  generally  reflects  the  presence  of  a  relatively 
massive  central  black-hole  (e.g.  Kormendv  fe  Richstonel 


Il995l:  iGebhardt  et  alJ200d:  iFerrarese  fe  Merritt]  2000ll.  Both 

galaxies  also  show  indications  that  tidal  encounters  may 
have  occurred,  which  could  have  resulted  in  enhanced  fu¬ 
elling  of  the  central  engine  (see  Section  14.31  for  more  de¬ 
tails).  In  addition,  in  both  NGC  612  and  0313-192  the  radio 
jets  are  aligned  almost  perpendicular  to  the  disc.  A  liigh- 
resolution  continuum  image  of  NGC  612  bvlMorganti  et  aD 
d  19931)  shows  that  the  radio  axis  lies  about  25°  from  the  mi¬ 
nor  axis  of  the  host  galaxy  in  the  plane  of  the  sky.  The  radio 
source  has  a  somewhat  distorted  structure  outside  the  opti¬ 
cal  host  galaxy,  indicating  that  the  source  changed  its  direc¬ 
tion  over  its  lifetime  and  that  the  alignment  of  the  radio  axis 
could  have  been  even  closer  to  the  minor  axis  at  an  earlier 
stage.  It  is  likely  that  this  is  the  direction  in  which  the  radio 
jets  encounter  the  least  resistance  from  the  ISM.  A  massive 
black-hole,  enhanced  fuelling  and/or  minor  resistance  from 
the  ISM  might  explain  the  presence  of  an  extended  radio 
source  in  both  NGC  612  and  0313-192. 


4-2.1  Hybrid  radio  source  morphology 

iGopal-Krishna  fc  Wiital  d200Cll)  suggest  that  the  radio  source 
in  NGC  612  has  a  rare  hybrid  morphology  (see  Section  [T]), 
in  which  case  the  western  jet/lobe  should  be  classified  as 
FR-I-like.  The  mere  existence  of  hybrid  radio  sources  has 
led  IGopal-Krishna  fe  Wiital  (|2000|)  to  argue  that  the  FR- 
dichotomy  is  likely  related  to  interactions  between  the  radio 
jet  and  the  ambient  medium  on  kpc  scales,  rather  than  to 


intrinsic  properties  of  the  central  engine.  The  presence  of 
a  large-scale  disc  of  neutral  hydrogen  in  the  host  galaxy  of 
NGC  612  make  this  an  interesting  object  for  studying  this 
possibility  in  more  detail,  but  this  is  beyond  the  scope  of 
this  paper. 


4.3  Galaxy  interactions  and  radio  source 
triggering 


As  mentioned  in  Section  |T]  a  significant  fraction  of  the  host 
galaxies  of  powerful  FR-II  radio  sources  show  signs  of  a  past 
galaxy  merger  or  interaction  event  in  the  form  of  a  pecu¬ 
liar  optical  morphology  or  the  characteristics  of  extended 
emission-line  regions.  In  these  studies,  it  is  suggested  that 
such  an  event  may  be  related  to  the  triggering  of  the  pow¬ 
erful  radio  source.  Also  for  NGC  612,  our  study  indicates 
that  galaxy  collisions  or  interactions  likely  occurred,  possi¬ 
bly  related  to  the  triggering  of  the  radio  source  and  the  star 
formation  in  this  early-type  galaxy. 

Perhaps  the  most  convincing  evidence  for  a  past  galactic 
encounter  comes  from  the  long  HI  tail/bridge  structure  be¬ 
tween  NGC  612  and  NGC  619,  which  suggests  that  an  inter¬ 
action  or  collision  likely  took  place  between  these  two  galax¬ 
ies.  It  is  interesting  to  note  that  in  the  vicinity  of  NGC  612, 
the  HI  bridge  is  aligned  in  the  same  direction  as  the  radio 
jets. 


Figures [3] and [7] show  that  more  recent  tidal  interactions 
could  also  be  ongoing  between  NGC  612  and  several  small 
nearby  galaxies,  although  (as  mentioned  in  Section[+2ll  inde¬ 
pendent  redshift  determinations  of  the  small  nearby  galaxies 
are  necessary  to  verify  whether  they  are  true  companions  or 
background  objects.  If  confirmed,  such  tidal  interactions  are 
likely  to  induce  perturbations  in  the  disc  of  NGC  612,  which 
could  result  in  some  of  the  observed  asymmetries  in  the  disc 
of  NGC  612  and  perhaps  also  the  triggering  of  star  formation 
and  fuelling  of  the  AGN. 

Another  possible  scenario  is  that  NGC  612  and  its  large- 
scale  H I  disk  formed  as  a  result  of  a  major  merger  event  (i.e. 
a  merger  between  two  roughly  equal  mass  galaxies,  of  which 
at  least  one  -  and  possibly  both  were  gas-rich),  which 
may  also  have  triggered  the  powerful  radio  source.  It  is  well 
established  from  numerical  simulations  that  the  formation 
of  early-type  galaxies  can  be  explained  by  galaxy  mergers 
with  a  wide  range  in  parameters  (e.g.  iToomre  fe  Toomrg 
Il972l:  lBekkilll998r  iNaab  et  al.lll999D.  A  major  merger  may 
also  trigger  a  burst  of  star  formation,  which  in  the  dusty 
environment  of  the  merging  galaxies  enhances  the  system’s 
infra-red  luminosity  (e.g.lMihos  fe  Hernauisdl  19941).  Simula¬ 
tions  bv  Idi  Matteo  et  aD  ( 20076  show  that  different  orbital 
parameters  of  the  merging  galaxies  have  a  different  effect  on 
the  tidal  disruption  of  gaseous  and  stellar  discs  and  that  in 
particular  direct  encounters  often  create  large  gaseous  tidal- 
tails.  iBarne  lHooi)  shows  that  such  expelled  tidal  material 
can  -  on  time-scales  of  one  to  several  Gyr  -  be  re-accreted  on 
to  the  newly  formed  host  galaxy  and  settle  into  a  large-scale 
gas  disc.  Observationally,  two  recent  detailed  case-studies 
show  that  a  large-scale,  low-surface  brightness  HI  disc  can 
indeed  form  around  an  early- type  host  galaxy  as  a  result  of 
a  major  merger  dEmonts  et  alJfeOQO:  Scrra  et  ahll2006l). 

For  NGC  612,  the  early-type  optical  appearance  of  the 
host  galaxy  with  a  faint  optical  shell,  the  high  infra-red  lumi¬ 
nosity  and  the  presence  of  a  massive,  large-scale,  low  surface 
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brightness  H I  disc  indicate  that  a  major  merger  event  could 
have  occurred  also  in  this  system,  although  additional  obser¬ 
vations  are  necessary  to  confirm  this  and  to  determine  the 
fate  of  the  gas  during  such  a  possible  merger  event.  However, 
if  a  major  merger  formed  NGC  612,  it  likely  occurred  sev¬ 
eral  rotational  periods  (i.e.  >Gyr)  ago,  after  which  the  large- 
scale  H I  gas  had  time  to  settle  in  a  regular  rotating  disc  and 
the  host  galaxy  to  gain  its  primary  early-type  appearance. 
Such  a  time-scale  is  long  compared  to  the  typical  spectral 
ages  ( 106  —  107  yr)  derived  for  extended  FR-II  radio  sources 
(e.g. {Alexander  &;  Leahy|ll987l:  iLeahv  et  al.  1989|;  Liu  et  all 


1992^  Parma_et_aL[  20021) ,  although  IParma  et  al.l  (l2002fl  and 

Blundell  fe  Rawlings!  (l200(il)  argue  that  the  ages  could  be  as 


much  as  0.1  —  1  Gyr  as  a  result  of  an  erroneous  approxima¬ 
tion  of  the  magnetic  field  in  the  traditional  spectral  ageing 
arguments,  mixing  of  old  and  young  electrons  by  back-flow 
and  continuous  replenishment  of  energetic  electrons.  In  ad¬ 
dition,  for  radio  sources  in  major  merger  systems,  it  is  not 
uncommon  that  there  is  a  significant  time-delay  between 
the  initial  merger  and  the  onset  of  the  most  recent  period 
of  radio- AGN  activity  (iTadhunter  et  all  2005;  Emonts  et  al.l 
l2006lh  Therefore,  the  possibility  that  a  merger  event  may 
have  triggered  the  radio-AGN  activity  in  NGC  612  -  as  is 
often  suggested  for  other  powerful  FR-II  radio  galaxies  -  ap¬ 
pears  to  be  a  viable  scenario,  but  this  needs  to  be  verified 
with  future  observations. 

An  intriguing  possibility  is  that  the  HI  disc  around 
NGC  612  may  continuously  accrete  gas  from  either  the  large- 
scale  HI  bridge  between  NGC  612  and  NGC  619  or  the 
small  nearby  companions.  This  could  explain  why  the  disc 
in  NGC  612  is  relatively  large  and  massive,  for  example  com¬ 
pared  to  the  case  of  the  nearby  radio  galaxy  Centaurus  A 
(Cen  A),  which  -  as  we  will  describe  in  detail  below  -  con¬ 
tains  a  much  smaller  disc  as  a  likely  result  of  an  unequal 
mass  merger  llvan  Gorkom  et  ahl  Il990l:  ISchiminovich  et  al.l 
1 1994) . 


4.4  Large-scale  H  I  in  radio  galaxies 

As  mentioned  in  Section  [T]  recent  studies  reveal  that  large- 
scale,  massive  HI  structures  -  similar  to  the  one  in  NGC  612 
-  are  detected  in  a  significant  fraction  of  nearby  held 
early-type  galaxies  (ISadler  et  al.ll2002l:  iMorganti  et  al.ll2006l: 

lOosterloo  et  al.ll2007l).  But  also  around  a  number  of  nearby 

radio-loud  early-type  galaxies,  large-scale  HI  structures  are 
known  to  exist: 

Centaurus  A,  the  nearest  radio  galaxy  in  the  LTniverse, 
contains  an  HI  disc  of  Mhi  «  4.5  x  10 8Mq  out  to  a  ra¬ 
dius  of  about  8  kpc  from  the  centre  llvan  Gorkom  et  ahl 
Il99d:  ISchiminovich  et  al.l  1 199 J.  for  a  distance  of  3.5  Mpc 
to  Cen  A).  It  also  has  faint  shells  with  1.5  x  10s Mg  of  HI 
gas  out  to  about  15  kpc  from  the  nucleus,  which  might  repre¬ 
sent  a  partial  ring  that  rotates  in  the  same  sense  as  the  body 
of  the  host  galaxy,  possibly  as  a  result  of  an  unequal  mass 
merger  between  a  large  elliptical  and  a  smaller  gas- rich  com¬ 
panion  (ISchiminovich  et  al.l  119941).  The  prominent  galaxy- 
scale  dust-disc  in  Cen  A,  combined  with  two  extended  radio 
jets/lobes  perpendicular  to  this  dust-disc,  has  often  led  to 
the  comparison  with  NGC  612  llWesterlund  fe  Smith|[l966l: 
lEkers  et  al.l  Il978h.  For  Cen  A,  the  total  HI  mass  is  low 
and  the  extent  of  the  HI  features  is  small  compared  with 
NGC  612  (with  the  bulk  of  the  HI  gas  in  Cen  A  located 


Figure  9.  -  from\Emonts  et  all  1 2007):  Plot  showing  the  total  HI 
mass  detected  in  emission  plotted  against  the  total  linear  extent 
of  the  radio  source  for  our  complete  sample  of  B2  radio  galax¬ 
ies  (open  circles  and  upper  limits)  plus  the  three  southern  radio 
galaxies  discussed  in  this  paper  (filled  circles).  In  case  of  non  de¬ 
tection  in  the  B2  sample,  a  conservative  upper  limit  (3cr  across 
400  km  s  1 )  is  given.  SeelEmonts  et  aD  {2003)  f°r  more  details. 


within  the  optical  body  of  the  host  galaxy).  Also  the  radio 
source  in  Cen  A,  generally  classified  as  FR-I,  is  almost  an 
order  of  magnitude  less  powerful  than  the  one  in  NGC  612. 

Another  southern  radio  galaxy  that  contains  a  large- 
scale  HI  disc  (Mhi  =  1.5  x  1O1OM0  and  diameter  = 
127  kpc  for  Ho  =  71  km  s-1  Mpc-1)  is  the  early-type 
galaxy  PKS  1718-649  llVeron-Cettv  et  al]|l995l).  The  gas  in 
the  large-scale  disc  of  this  radio  galaxy  is  perturbed  and 
Veron-Cetty  et  al.  propose  that  this  is  perhaps  the  re¬ 
sult  of  a  merger  that  involved  at  least  one  spiral  galaxy. 
The  radio  source  in  PKS  1718-649  is  compact  and  clas- 
sified  as  a  gigahertz-peaked  spectrum  (GPS)  radio  source 
(iTingav  fe  de  Kooll2003l). 

In  order  to  investigate  the  large-scale  HI  properties  of 
radio-loud  early-type  galaxies  in  a  more  systematic  way,  we 
recently  concluded  an  HI  study  of  a  complete  sample  of 
nearby,  non-cluster  radio  galaxies  from  the  B2  catalogue 
llEmonts  et  al.l  [20071:  lEmontsI  120061).  The  radio  sources  in 
these  systems,  all  with  radio  power  lower  than  NGC  612, 
have  either  a  compact  or  a  typical  edge-darkened  FR-I 
morphology  and  their  host  galaxies  were  a  priori  classified 
as  genuine  early-type  systems.  When  comparing  the  Hl- 
properties  of  these  B2  radio  galaxies  with  those  of  NGC  612, 
there  are  some  remarkable  results;  similar  to  the  case  of 
NGC  612,  regular  rotating  large-scale  HI  discs  and  rings 
(with  Mhi  ~  several  x  108  —  1010Mg  and  diameters  of  several 
tens  to  hundreds  of  kpc)  have  been  detected  around  roughly 
50%  of  the  radio  galaxies  that  host  a  compact  (<  15  kpc) 
radio  source,  while  none  of  the  early-type  host  galaxies  of 
the  extended  FR-I  radio  sources  shows  any  HI  in  emission 
above  a  conservative  detection  limit  of  a  few  x  10s Mg.  This 
is  visualized  in  Fig.  [9]  which  is  a  plot  from  lEmonts  et  al.l 
(2007)  that  shows  the  total  HI  mass  detected  in  emission 
around  NGC  612  and  the  B2  radio  galaxies  plotted  against 
the  size  of  the  radio  source  (for  comparison,  we  also  in¬ 
cluded  Cen  A  and  PKS  1718-649).  The  large-scale  HI  disk 
in  NGC  612  morphologically  resembles  that  of  the  Hi-rich 
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compact  sources  (although  the  total  HI  mass  is  still  about 
an  order  of  magnitude  lower  than  that  of  the  most  mas- 
sive  of  the  HI  discs  found  around  the  compact  sources; 
lEmonts  et  al  .1  [200(3.  l2007h .  NGC  612  contains  significantly 
larger  amounts  of  extended  H I  than  the  FR-I  sources  in  our 
B2  sample. 

The  very  nearby  FR-I  radio  galaxy  Cen  A  (3.5  Mpc) 
appears  to  be  an  exceptional  case  regarding  its  HI  content 
compared  with  the  FR-I  sources  from  our  B2  sample.  How¬ 
ever,  we  note  that  the  bulk  of  the  detected  HI  emission  in 
Cen  A  is  -  in  contrast  to  most  of  our  H I  detections  -  located 
in  a  disk  well  inside  the  optical  body  of  the  host  galaxy  and 
part  of  this  HI  disk  would  have  been  observed  in  absorp¬ 
tion  against  the  central  radio  continuum  instead  of  emission 
at  the  typical  distance  of  most  of  our  B2  sources  (60  —  160 
Mpc);  see  also  lEmonts  et  ahl  (120071) .  A  detailed  analysis  will 
be  postponed  to  a  forthcoming  paper. 

We  are  currently  conducting  a  study  to  map  HI  gas 
in  a  small  but  complete  sample  of  the  nearest  FR-II  radio 
galaxies  in  order  to  verify  whether  there  is  a  fundamental 
difference  in  large-scale  H I  content  between  nearby  FR-I  and 
FR-II  radio  galaxies.  Preliminary  results  appear  to  indicate 
that  this  may  indeed  be  the  case  (iEmonts  et  alj|2008h.  but 
final  results  on  this  will  be  presented  in  a  future  paper. 


5  CONCLUSIONS 

We  presented  results  of  a  morphological  and  kinemati- 
cal  study  of  the  neutral  hydrogen  gas  in  and  around  the 
nearby  powerful  radio  galaxy  NGC  612  (PKS  0131-36). 
We  compared  this  with  information  about  the  stellar  pop¬ 
ulations,  optical  morphology,  infra-red  characteristics  and 
radio-source  properties  of  this  radio-loud  early-type  galaxy. 
The  most  important  conclusions  that  we  discussed  in  this 
paper  are: 

•  The  SO  host  galaxy  NGC  612  contains  a  large-scale 
HI  disc,  with  an  HI  mass  of  at  least  1.8  x  109Mq  and  a 
diameter  of  about  140  kpc.  The  bulk  of  the  HI  gas  appears 
to  be  in  regular  rotation,  although  asymmetries  in  the 
HI  disc  indicate  that  perturbations  are  being  exerted  on 
part  of  the  gas,  possibly  by  a  number  of  nearby  companions; 

•  The  total  velocity  range  of  the  gas  in  the  H I  disc  is  850 
km  s-1,  which  indicates  that  NGC  612  contains  a  massive 
dark  matter  halo; 

•  NGC  612  is  a  rare  example  of  a  galaxy  with  an 
extended  radio  source  and  a  large-scale  star-forming  disc; 

•  A  long,  faint  HI  bridge  connects  NGC  612  with  the 
Hi-rich  barred  galaxy  NGC  619  about  400  kpc  away,  possi¬ 
bly  as  the  result  of  a  past  interaction  between  both  galaxies; 

•  We  argue  that  -  in  agreement  with  what  is  generally 
observed  for  powerful  FR-II  radio  galaxies  -  the  triggering 
of  the  powerful  radio  source  in  NGC  612  could  be  related  to 
ongoing  or  past  galaxy  interactions,  or  to  a  major  merger 
event,  which  also  may  have  formed  the  large-scale  HI  disk 
in  NGC  612; 


•  The  large-scale  HI  properties  of  FR-II  radio  galaxy 
NGC  612  are  similar  to  those  of  several  nearby  compact  ra¬ 
dio  sources,  but  different  from  those  of  nearby  FR-I  sources. 

Future  studies  are  necessary  to  investigate  in  more  detail 
the  formation  history  of  NGC  612  and  compare  this  with 
the  triggering  and  properties  of  its  powerful  radio  source. 
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